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TESTS OF COLD-FORMED CHANNEL COLUMNS 
Ben Youngt & Kim J. R. Rasmussen* 
ABSTRACT 
The paper presents a series of tests on cold-formed plain and lipped channel columns, 
compressed between fixed and pinned ends. While it is well-known that local buckling of pin-
ended channel columns induces overall bending, this phenomenon does not occur in fixed-
ended channel columns which remain straight after local buckling and only bend when overall 
buckling occurs. These fundamentally different effects of local buckling on the behaviour of 
pin-ended and fixed-ended channel sections lead to inconsistencies in traditional design 
approaches, which account for full or partial rotational end restraint solely by using effective 
lengths. 
A series of tests was performed on four different geometries of cross-section fabricated by 
brake-pressing from high strength steel sheet. Tests were performed over a range of lengths 
such that the column curves could be obtained. Detailed measurements of local and overall 
geometric imperfections, material properties and residual stresses were conducted. The 
purpose of this paper is first to present and compare the test strengths with current 
AustralianlNew Zealand, American and European specifications for cold-formed steel 
structures and, second, to propose recommendations for the design of fixed-ended channel 
columns. It is shown that a fixed-ended channel column can be designed using an effective 
length of half of the column length and assuming the applied force acts at the centroid of the 
effective section. 
1 INTRODUCTION 
Cold-formed channels are used extensively in a wide range of light-weight construction, 
including steel frame domestic houses and low-rise office buildings. The up-rights in stud 
walls of these buildings act primarily in compression. Other compression members include the 
top chord and web members of roof' trusses. When used as compression members, local 
buckling causes a redistribution of the longitudinal stress which leads to a shift of the effective 
centroid. The shift induces overall bending and reduces the column strength when the section 
is compressed between pinned ends. 
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Extensive research was performed on channel columns tested between pinned ends during the 
1970s and 80s. Tests of pin-ended cold-formed plain channel columns were performed by 
Kleppel and Bilstein (1976), Rhodes and Harvey (1977), and Batista et al. (1987). Cold-
formed lipped channel columns were tested between pinned ends by Kleppel and Bilstein 
(1976), Thomasson (1978), Rhodes and Loughlan (1980), Mulligan and Pekez (1984), Batista 
et al. (1987), and Weng and Pekez (1990). The failure modes observed in these tests were 
overall flexural and flexural-torsional buckling as well as local buckling. However, the focus 
of the tests was on the strength and behaviour of pin-ended channel columns. Tests on fixed-
ended channel columns have only been reported for plain aluminium and carbon steel channels 
by Rothwell (1974) and Lim (1987) respectively. The data available on the strength and 
behaviour of fixed-ended carbon steel plain and lipped channel columns is very limited. 
In singly symmetric thin-walled columns, the strength of a fixed-ended column cannot simply 
be obtained from the strength of a pin-ended column by using an effective length of half of the 
column length, as demonstrated experimentally by Young and Rasmussen (1998c). This is 
because local buckling has fundamentally different effects on the behaviour of pin- and fixed-
ended columns. In pin-ended columns, the shift of the effective centroid leads to an 
eccentricity of the applied force and hence induces overall bending (Rhodes and Harvey 1977). 
In fixed-ended columns, however, the shift of the effective centroid is balanced by a shift of the 
applied force and bending is not induced (Rasmussen and Hancock 1993). As a result, the 
strength of a fixed-ended channel column exceeds that of a pin-ended column of the same 
effective length. 
In practical applications, channel columns often bear flat at the supports such as in stud walls 
where the up-rights are supported on tracks at both ends and may be fastened to the tracks by 
screws or clinches. In this case, the support conditions are closer to being fixed than pinned. 
Miller and Pekez (1993) tested complete wall assemblies and individual lipped channel 
columns using support conditions that resembled those found in practice. They also made 
several recommendations for determining the effective length of the columns. However, the 
rotational restraint was not measured in the tests and it was not possible to define precisely the 
support conditions, where the up-rights beared flat on the tracks. 
The pin-ended condition (loading through the geometric centroid) is one of the two limiting 
support conditions for columns of non-sway frames, producing lower bounds for the strengths 
of axially loaded columns. The other limiting condition is the fully fixed support which 
prevents end rotations and produces upper bounds for the column strength. In this case, the 
compression of the column is displacement-controlled and moments can develop at the 
supports. The support conditions found in practice depend on the connection details and will 
often be closer to fixed than pinned, as in the case of stud wall panels. Hence, it is important 
that the strengths of both limiting cases of support conditions be known. In this paper, a series 
of tests on cold-formed plain and lipped channel columns compressed between fixed and 
pinned ends is presented. Tests were performed at various column lengths, which involved 
pure local buckling and distortional buckling as well as overall flexural buckling and flexural-
torsional buckling. The experimental and theoretical local buckling loads were also 
determined. The material properties, residual stresses and geometric imperfections were 
measured prior to testing. 
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The purpose of this paper is firstly to present and compare the test strengths of fixed-ended and 
pin-ended cold-formed plain and lipped channel columns with design strengths predicted by 
three different specifications. The three specifications are the AustralianlNew Zealand 
Standard for Cold-Formed Steel Structures (1996), the American Iron and Steel mstitute 
Specification for the Design of Cold-Formed Steel Structural Members (1996), and Eurocode3 
Design of Steel Structures Part 1.3: Cold-Formed Thin Gauge Members and Sheeting (1996). 
A second purpose of this paper is to propose recommendations for the design of channel 
columns that can be assumed to be fully fixed at the ends. 
2 TEST SPECIMENS 
2.1 General 
The tests were performed on plain and lipped channels brake-pressed from zinc-coated Grade 
G450 (nominal yield stress of 450MPa) structural steel sheets. The test specimens were 
supplied from the manufacturer in un-cut lengths of 3660mm (12 ft). Each specimen was cut 
to a specified length ranging from 280mm to 3500mm, and both ends were milled flat by an 
electronic milling machine to an accuracy of O.Olmm to ensure full contact between specimen 
and end bearing. 
Two series of plain channels and two series of lipped channels were tested, having a nominal 
thickness of l.5rirrn and a nominal width of the web of 96mm for all channels. The nominal 
width of the lip of both lipped channels was 12mm. The flange width was either 36mm or 
48mm and was the only variable in the cross-section geometry. Tables la, 1b, 1c and 1d show 
the measured cross-section dimensions of the fixed-ended and pin-ended test specimens using 
the nomenclature defined in Fig. 1. The cross-section dimensions shown in Table 1 for each 
test specimen are the averages of measured values at both ends. The base metal thickness (t*) 
was measured by removing the zinc coating by acid-etching. 
The shortest column lengths complied with the Structural Stability Research Council (SSRC) 
guidelines (Galambos 1988) for stub column lengths, whereas the longest lengths produced 
leyfry -ratios of approximately 130, 110, 110 and 100 for Series P36, P48, L36 and L48 
respectively, where ley is the effective length for buckling about the minor y-axis and ry is the 
radius of gyration about the y-axis. The specimen lengths shown in Table 1 are the actual 
specimen lengths. The dimension of the pinned end bearings (95mm at each end) should be 
added to the pin-ended specimen length to obtain the column length for the pin-ended columns. 
The pinned end bearings only allowed rotation about the minor y-axis. 
2.2 Labelling 
The specimens were separated into four series of different cross-section geometry. Each series 
was tested between fixed ends and pinned ends at various lengths. m the pin-ended tests, the 
load was generally applied with a small eccentricity about the minor axis as explained in 
Section 5. The test specimens were labelled such that the series, type of boundary conditions, 
specimen length and direction of loading eccentricity could be identified from the label. Figure 
2 explains the specimen label in a general format. 
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2.3 Design of Section Geometry 
The cross-sections of the test specimens were designed using elastic local and overall buckling 
analyses. Firstly, a finite strip buckling analysis (Hancock 1978) was used to proportion the 
dimensions such that local buckling occurred at a stress significantly below the yield stress. 
Subsequently, an elastic bifurcation analysis of the locally buckled column (Rasmussen 1997, 
Young and Rasmussen 1997a) was used to determine the overall bifurcation loads and modes 
for several column lengths. The bifurcation loads of the fixed-ended columns were required to 
produce interaction of local and overall flexural and/or flexural-torsional modes. For plain 
channels, both flexural and flexural-torsional buckling was predicted by the bifurcation curves 
for Series P48, whereas "only flexural buckling was predicted by the bifurcation curves for 
Series P36. For lipped channels, both flexural and flexural-torsional buckling was predicted by 
the bifurcation curves for Series L36, whereas only flexural-torsional buckling was predicted 
by the bifurcation curves for Series L48. The specimen lengths of the fixed-ended channels 
were chosen from the bifurcation curves. Sufficiently many lengths were chosen that the 
column curves could be accurately determined. The pin-ended specimen lengths were chosen 
to provide the same effective lengths as those for the fixed-ended specimens. 
3 MATERIAL PROPERTIES 
3.1 Effective Thickness 
The thickness of a section is an important factor in determining the local and distortional 
buckling stresses and so must be measured accurately. The steel sheets used in the test 
program were finished with a thin layer of zinc coating for corrosion purposes. From a 
structural point of view, the zinc coating is much softer than steel, and so it is reasonable to 
assume that the layer of zinc coating does not carry load. Hence, the effective thickness of the 
steel sheet is the base metal thickness (without the zinc coating). 
The base metal thickness of each series of test specimens was determined using two distinct 
methods, an electron microscope and a micrometer. A small piece of sheet was extracted from 
each series and prepared for thickness determination. The base metal thickness of each sheet 
was first determined using an electron microscope, then the zinc coating was removed by acid-
etching, and the base metal thickness was measured again using a micrometer. The measured 
base metal thicknesses obtained using the two methods are given in Table 2. The thicknesses 
are almost identical with a maximum difference of 51lm for Series L48. 
The zinc coating was measured as 1911m, 261lm, 261lm and 231lm for Series P36, P48, L36 and 
L48 respectively using the electron microscope. Figure 3 shows an electron micrograph for 
Series L36, where the shiny thin layer is the zinc coating. 
3.2 Coupon Tests 
The material properties of each series of specimens were determined by tensile coupon tests. 
The coupons were cut from the centre of the web plates of finished specimens belonging to the 
same batches as the column test and residual stress specimens, and so could be expected to 
have nearly the same material properties as these specimens. The coupon dimensions 
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conformed to the Australian Standard AS1391 (1991) for the tensile testing of metals using 
12.5mm wide coupons and a gauge length of 50mm. 
The longitudinal coupons were tested according to the Standard AS 1391 in an Instron TT-KM 
(250kN capacity) displacement controlled testing machine using friction grips to apply loading. 
In the coupon tests, the longitudinal strain was measured using strain gauges attached at the 
centre of each face. A data acquisition system was used to record the load and the readings of 
strain at regular intervals during the tests. The static load was obtained by pausing the applied 
straining for one minute near the 0.2% tensile proof stresses (approx. 5000 J.l£) and the ultimate 
tensile strength (approx. 60000 J.l£). 
The base material properties determined from the coupon tests are summarised in Tables 3. 
The table contains the nominal 0.2% tensile proof stress (aO.2), the measured static 0.2% (aO.2) 
and 0.5% (aO.5) tensile proof stresses, the static tensile strength (au) as well as Young's 
modulus (E) and the elongation after fracture (Eu) based on a gauge length of 50mm. The 
stress-strain curves obtained from the coupon tests are detailed in Young and Rasmussen 
(1998a and 1998b). 
3.3 Residual Stresses 
Residual stress measurements were conducted on two separate specimens from Series lA8 as 
detailed in Young and Rasmussen (1995b). The specimens were chosen from the same batches 
as the colunm tests and the tensile coupon tests specimens. The longitudinal residual strains 
were measured using the sectioning method by attaching strain gauges to the base metal on the 
outer and inner surfaces of the specimens. The gauges were attached around half of the cross-
section. Readings were taken before and after cutting the specimen into strips, and the changes 
in longitudinal strains were converted to residual stresses by multiplying the changes by the 
. measured Young's modulus as obtained from the tensile coupon tests. The membrane and 
flexural residual stresses were calculated as the average and the difference in residual stress 
measurements at the two surfaces respectively, and were found to be less than 3% and 7% of 
the measured 0.2% tensile proof stress (aO.2) respectively. Hence, the residual stresses were 
deemed negligible compared with aO.2. 
4 TEST RIG 
A 250kN servo-controlled hydraulic actuator was used to apply compressive axial force to the 
specimen. The pin-ended bearings were designed to allow rotations about the minor axis while 
restraining major axis rotations as well as twist rotations and warping. The fixed-ended 
bearings were designed to restrain both minor and major axis rotations as well as twist rotations 
and warping. Lockable plates were used to allow the ends of the specimens and the loading 
plates of the bearings to bed-in, thus ensuring full contact between the end bearings and the test 
specimen in both the pin-ended and fixed-ended tests. Details of the test rig are given in 
Young and Rasmussen (1995a and 1998c). 
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5 GEOMETRIC IMPERFECTIONS 
Local and overall geometric imperfections were measured for both fixed-ended and pin-ended 
columns. The measured maximum local imperfections were found to be of the order of the 
plate thickness at the tip of the flanges for all test series. For the fixed-ended specimens, the 
maximum overall minor axis flexural imperfections at mid-length were 111400, 1/2500, 111100 
and 111300 of the specimen length for Series P36, P48, L36 and L48 respectively. For the pin-
ended specimens, the maximum minor axis flexural imperfections at mid-length were 1/2200, 
1/5000, 111800 and 1/2800 of the specimen length for Series P36, P48, L36 and L48 
respectively. The recording procedure and reduction of the imperfection measurement as well 
as the measured local and overall geometric imperfection profiles are detailed in Young and 
Rasmussen (1995a and 1995b). In the pin-ended tests, the load was generally applied with a 
small eccentricity from the geometric centroid, which was adjusted such that the initial 
eccentricity at mid-length of the line of action of the force was nominally equal to half of the 
measured overall geometric imperfection about the minor axis at mid-length of the fixed-ended 
specimen of the same effective length. This procedure allowed a direct comparison of the test 
strengths of each pair of fixed-ended and pin-ended specimens of the same effective length, 
because the specimens could be assumed to have the same overall geometric imperfections. 
6 COLUMN TESTS 
After the specimen was positioned in the test rig, the ram of the actuator was moved slowly 
toward the specimen until the end bearings were in full contact with the ends of the specimen. 
The geometric imperfections were then measured before commencing the tests. 
The tests were controlled by incrementing the shortening of the specimen. This allowed the 
tests to be continued into the post-ultimate range. Readings of the applied load and the 
transducers were taken approximately one minut~ after applying an increment of compression, 
hence allowing the stress relaxation associated with plastic straining to take place. 
Consequently, the loads recorded were considered to be static loads. After each load 
increment, a measurement frame was moved forward and backward along the specimen to 
measure the deformed shape. The movement of the end bearings was also recorded. This 
procedure was repeated until the collapse of the specimen, which was generally sudden and 
triggered by an instability of the control loop in the post-ultimate range. The ultimate loads 
(Nu) of the test specimens are shown in Table 1. 
For the pin-ended tests, strain gauges were used to determine the initial eccentricity of the line 
of action of the force at mid-length. The strain gauges were removed once the initial 
eccentricity was determined to enable free movement of the measurement frame along the 
specimen. 
7 LOCAL BUCKLING LOAD 
The experimental local buckling loads (NeExp) of all specimens under uniform compression 
were determined for all fixed-ended tests, except for the long specimens whose ultimate loads 
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were lower than the elastic local buckling load of the section. Local plate buckling 
deformations were measured along the specimens, as described in Section 6. 
The experimental local buckling load (NeExp) was determined by plotting the load (N) against 
the square of a local buckling deformation (w), and subsequently fitting a line through the test 
points in the post local buckling region. The intercept with the load axis resulting from the line 
fitted in this region was assumed to be the experimental buckling load (Venkataramaiah and 
Roorda 1982). The larger of the web deformation and the average of the deformations at the 
free edge of the flanges at mid-length was used for the plots. The mean and the standard 
deviation (S.D.) of the experimental local buckling loads for all specimens of each series are 
given in Table 4. 
The theoretical elastic local buckle half-wavelength (.e) and elastic local buckling load (NeTh) 
were obtained using a finite strip buckling analysis (Hancock 1978). The average measured 
cross-section dimensions of the fixed-ended specimens for each series as well as the measured 
values of the base metal thickness and Young's modulus were used to determine the theoretical 
results. The results for each series are given in Table 4. It follows from the table that the mean 
ratios of the experimental local buckling load to the theoretical local buckling load (NeExpfNeTh) 
were 1.00, 0.98, 0.98 and 0.99 for the test Series P36, P48, L36 and L48 respectively, and that 
the standard deviations (S.D.) of the same ratios for all test series were 0.01, except for Series 
P48 with the value of 0.00. The theoretical and experimental local buckling loads were very 
close with a maximum difference of 1.6% (0.7kN), 1.4% (O.5kN), 2.9% (2.0kN) and 1.4% 
(1.0kN) for Series P36, P48, L36 and L48 respectively. This results indicates that the finite 
strip buckling analysis was in excellent agreement with the experimental local buckling loads 
(NeExp). 
8 COMPARISON OF TEST STRENGTHS WITH DESIGN STRENGTHS 
8.1 General 
The fixed-ended and pin-ended test strengths obtained for the Series P36, P48, L36 and L48 
channels are compared in Figs 4, 5, 6 and 7 with the unfactored design strengths predicted 
using the AustralianlNew Zealand (1996), American (1996) and European (1996) 
specifications for cold-formed steel structures. The calculation of the design strengths at an 
effective length of 500mm are shown in the Appendix of Young and Rasmussen (1997b). The 
AustralianlNew Zealand (Aust.INZ) Standard was adopted from the American Iron and Steel 
Institute (AISI) Specification. Since no changes were introduced in the compression member 
rules (Section C4 of the AISI Specification) in adopting the AISI Specification, the design 
curves for the Aust.INZ Standard shown in Figs 4, 5, 6 and 7 are identical to those for the AISI 
Specification. It is noted that the steels of the present investigation had ratios of tensile 
strength to 0.2% proof stress of 1.04, 1.06, 1.05 and 1.04 for the Series P36, P48, L36 and L48 
respectively. These values are lower than the minimum value of 1.08 specified in Clause 
1.5.1.5 and Section A3.3.1 of the Aust.INZ and AISI specifications respectively. Hence, the 
steels do not strictly comply with the requirements of the Aust.INZ and AISI specifications. 
The ultimate loads of the Series P36, P48, L36 and L48 tests are plotted against the effective 
length for minor axis flexural buckling (ley) in Figs 4, 5, 6 and 7 respectively. The effective 
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length (ley) was assumed equal to half of the column length for the fixed-ended columns (ley = 
LFI2) and equal to the column length for the pin-ended columns (ley = Lp), which included the 
dimension of the pin-ended bearings. The theoretical minor axis flexural buckling loads and 
flexural-torsional buckling loads of the fixed-ended and pin-ended columns as well as the 
experimental local buckling loads are also shown in Figs 4, 5, 6 and 7. These loads were 
determined in Young and Rasmussen (1995a and 1995b). ill calculating the flexural-torsional 
buckling loads, the effective lengths for major axis flexure and warping were taken as Lpl2 and 
LFI2 for the pin-ended and fixed-ended columns respectively, because major axis rotations and 
warping were restrained in both the pin-ended and fixed-ended bearings. 
Figures 4, 5, 6 and 7 include the failure modes of each test specimen as well as the failure 
modes predicted by the specifications. The failure modes of the tests were those observed at 
the ultimate load. The design strengths and the theoretical buckling loads were calculated 
using the average measured cross-section dimensions and the measured material properties as 
detailed in Tables 1 and 3 respectively. 
The design strengths of the pin-ended columns were calculated using the rules for members in 
compression and bending. This was required because the columns were loaded through the 
geometric centroid, while the specifications assume concentric loading to be at the centroid of 
the effective cross-section. The end moment was calculated as the product of the axial force 
and the distance between the geometric and effective centroids. The design strengths of the 
fixed-ended columns were calculated by assuming loading through the effective centroid. This 
was in accordance with the conclusions drawn from earlier studies, indicating that the applied 
force coincides with the effective centroid at any level of loading in the fixed-ended condition, 
as mentioned in the Introduction. 
8.2 Discontinuity in the Effective Width Formulation 
ill using the Aust.INZ and AISI specifications, a discontinuity was found in the design strength 
curves for the Series lAS specimens, as shown in Figs 7a and 7b. According to the 
specifications, three cases (Cases I, IT and TIl) are considered in calculating the design load of a 
uniformly compressed element with an edge stiffener (flange and lip). The discontinuity is 
found in changing from Case IT to Case Ill, as discussed in detail by Dinovitzer et al. (1992). ill 
the current Aust.INZ and AISI specifications, the effective width of an edge-stiffened flange 
element is a function of a parameter (n) which changes discontinuously from 112 to 1/3 in 
changing from Case IT to III and thus leads to a discontinuity in the effective flange width and 
load at this point. ill order to eliminate this discontinuity, Dinovitzer et al. (1992) developed 
linear, parabolic and quadratic equations for the parameter (n) which gradually decreased its 
value from 112 to 113. The three equations produced nearly the same effective widths. The 
linear equation was recommended because it was the simplest. 
The linear expression for n was, 
for (1) 
where w is the flat width of the flange, t is the plate thickness, f is the stress in the compression 
element computed on the basis of the effective design width and E is the Young's modulus. 
This expression was also used to calculate the design strengths of the Series L36 and lAS 
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columns, as shown in Figs 6 and 7. For Series L36, the design strengths computed using 
Dinovitzer method were nearly identical to the design strengths predicted by the Aust.INZ and 
AISI specifications. For Series U8, the method provided a smooth design curve in changing 
from Case II to Case ill, as shown in Figs 7a and 7b. 
8.3 Fixed-ended Columns 
The fixed-ended Series P36 test strengths are compared with design strengths in Fig. 4a. The 
design strength predicti~ns by the three specifications are generally conservative. The 
Aust.INZ and AISI specifications closely predict the test strengths, except for the test strength 
of the shortest specimen which is slightly overestimated. The failure modes observed in the 
Series P36 tests were combined local and flexural buckling modes at short (ley::; 500mm) and 
intermediate lengths, and flexural buckling modes at intermediate and long lengths (ley > 
lOOOmm). The occurrence of flexural buckling was in agreement with the failure modes 
predicted by the European Specification for all column lengths, except at very short lengths (ley 
::; approximately 270mm) where flexural-torsional buckling modes were predicted. However, 
flexural-torsional buckling modes were predicted by the Aust.INZ and AISI specifications for 
all column lengths, except at long lengths (ley ~ approximately 1300mm) where flexural 
buckling modes were predicted. The flexural-torsional buckling modes predicted by the 
Aust.INZ and AISI specifications at effective lengths less than approximately 1300mm are 
contrary to the failure modes observed in the tests. This result is explained by reference to 
Young and Rasmussen (1997a) in which it was shown that the flexural rigidity was reduced 
more severely by local buckling than the rigidities for major axis flexure and warping, and 
hence the critical overall buckling mode of the locally buckled section was generally flexural 
rather than flexural-torsional . 
. For Series P48, the design strength predictions by the three specifications are conservative, as 
shown in Fig. 5a. The failure modes observed in the Series P48 tests were combined local and 
flexural modes for all column lengths, and combinations of these modes with the flexural-
torsional buckling mode at the longest two lengths (ley = 1500mm and 1750mm). Local 
buckling was not observed in the test of the longest specimen because the ultimate load of this 
specimen was lower than the local buckling load. Flexural-torsional buckling modes were 
predicted by the three specifications for all column lengths. This was not in accordance with 
the failure modes observed in the tests except for the longest two specimens. 
For Series L36, the Aust.INZ and AISI specifications closely predict the test strengths, except 
that the test strength at an effective length of 500mm is slightly overestimated, as shown in Fig. 
6a. The Eurocode3 strength predictions are slightly conservative. The failure modes observed 
in the Series L36 tests were combined flexural and flexural-torsional buckling modes at long 
lengths, and combinations of these modes with local and distortional buckling modes at short 
and intermediate lengths, except that the distortional mode was not observed at intermediate 
lengths. Flexural-torsional buckling failure was predicted by the three specifications for all 
column lengths, except at long lengths (ley ~ approximately 1950mm) where flexural buckling 
failure was predicted. The flexural-torsional buckling failure predicted by the three 
specifications was in agreement with the failure modes observed in the tests at intermediate and 
long lengths. However, at short lengths, flexural-torsional buckling was predicted but not 
observed in the tests. 
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For Series lA8, the design strength predictions by the three specifications are conservative, as 
shown in Fig. 7a. The failure modes observed in the Series lA8 tests were combined local and 
distortional buckling modes at short lengths, combinations of these modes with the flexural-
torsional buckling mode at intermediate lengths, and pure flexural and flexural-torsional 
buckling modes at long lengths. Flexural-torsional buckling failure modes were predicted by 
the three specifications for all colunm lengths which was in agreement with the failure modes 
observed in the tests, except at short lengths where neither flexural nor flexural-torsional 
buckling was found. 
The fact that the test strengths were conservatively predicted (with the exception of a shortest 
P36 specimen and a L36 specimen at ley = 500mm) confirms the assumption that fixed-ended 
channel colunms can be designed by assuming loading through the effective centroid and 
taking the effective length as half of the colunm length. It also follows that the strength of a 
fixed-ended colunm is not reduced by the shift of the effective centroid. 
8.4 Pin-ended Columns 
The pin-ended test strengths are compared with design strengths in Figs 4b, 5b, 6b and 7b for 
Series P36, P48, L36 and lA8 respectively. The failure modes observed in the Series P36, P48, 
L36 and lA8 tests were combined local and flexural buckling modes for all colunm lengths, 
except that the local buckling mode was not observed in the test of the longest specimen of 
each series. The occurrence of flexural buckling was in agreement with the failure modes 
predicted by the three specifications for all colunm lengths. 
In Figs 4b, 5b, 6b and 7b, two sets of design curves are shown corresponding to loading 
through the geometric centroid, as was also used in the tests, and loading through the effective 
centroid. In calculating the design strength for loading through the geometric centroid using 
the rules for beam-columns, it was necessary to determine the minor axis bending capacity and 
the distance between the effective and geometric centroids. For plain channels, the bending 
capacity was calculated assuming tension in the web and compression at the free edges of the 
flanges in accordance with the direction of the shift in the effective centroid, as shown in 
Young and Rasmussen (1998d). For lipped channels, the shift of the effective centroid of the 
lipped channel Series lA8 section changed direction as the effective length increased, as shown 
in Young and Rasmussen (1998d). The direction of overall bending changed accordingly, and 
so two cases needed to be considered in calculating the effective cross-section using the 
Aust.INZ and AlSI specifications: 
(1) When the effective centroid shifted toward the lips of the channel, the lips were in 
tension and so were assumed to be fully effective. The web was treated as a uniformly 
compressed stiffened element, and the flanges were treated as stiffened elements with 
stress gradients. 
(2) When the effective centroid shifted towards the web, the web was in tension, and so was 
assumed fully effective. In calculating the effective width of the flanges, there was no 
provision in the Aust.INZ and AlSI specifications for partially stiffened elements 
(flanges) under stress gradient. Consequently, the flanges were conservatively assumed 
to be unifomJly compressed. The lips were treated as uniformly compressed unstiffened 
elements with the plate buckling coefficient (k) equal to 0.43.' 
In computing the effective flange width of the plain channel in bending, the plate buckling 
coefficient (k) was required. According to the AlSI Specification, the coefficient was 
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conservatively taken as 0.43 corresponding to uniform compression. fu using Eurocode3, 
which includes rules for unstiffened element with stress gradients, the buckling coefficient was 
calculated as 0.63 and 0.65 for Series P36 and P48 respectively. These values were based on a 
single calculation without the use of the optional iterative procedure. The Aust.INZ Standard 
includes an Appendix F based on the rules of Eurocode3 (1992) which can optionally be used 
for calculating the plate buckling coefficient. Hence, two beam-colunm design curves are 
shown for the Aust.INZ Standard, one corresponding to k = 0.43 and one corresponding to k = 
0.62 (P36 Series) or k = 0.64 (P48 Series), as obtained using Appendix F. The higher buckling 
coefficients obtained using Appendix F produced increases in the design strength by 33% and 
71 % at an effective length of 500mm for Series P36 and P48 respectively, as shown in Figs 4b 
and5b. 
It follows from Figs 4b, 5b, 6b and 7b that the beam-colunm design strengths of all three 
specifications are lower than the test strengths at all effective lengths. fu particular for the plain 
channels, the beam-colunm design strengths are much lower than the test strengths in the short 
and intermediate effective length ranges. The conservatism increases as the colunm length 
decreases. At an effective length of 500mm, the Aust.INZ and AlSI specifications beam-
colunm strengths are 43% and 31 % of the test strengths with k taken as 0.43 for Series P36 and 
P48 respectively. The conservatism of the beam-colunm approach is linked to the 
determination of the minor axis bending capacity and the shift of the effective centroid (es) of 
the applied force, calculated as the distance between the geometric centroid and the centroid of 
the effective cross-section. For plain channels, the design eccentricities (es) are over-estimated 
which leads to conservative design strengths, as shown in Young and Rasmussen (1998d). fu 
addition, the minor axis bending capacity of plain channels is conservatively predicted by the 
AlSI Specification (Rasmussen 1994), particularly when k = 0.43 is assumed, and this 
contributes to the conservatism. Improved design methods for pin-ended plain channel 
colunms loaded through the geometric centroid are described in Rasmussen (1994) and 
Rasmussen and Hancock (1994). 
For Series lA8, it appears from Fig. 7b that the Aust.INZ and AlSI design curves based on a 
beam-colunm design procedure predict an increase in colunm strength with increasing length 
from an effective length of about llOOmm to 1350mm. This variation was not supported by 
the tests, neither does it appear justified from a physical viewpoint. The variation was a result 
of the shift of the effective centroid as detailed in Young and Rasmussen (1998d). 
The design strengths (Nc) based on loading through the effective centroid are conservative 
compared to the tests for both series of lipped channels, as shown in Figs 6b and 7b, except at 
short and intermediate lengths for Series L36. However, this is not the case for the plain 
channel Series P48, for which the test strengths are lower than the design strengths (Nc) as 
shown in Fig. 5b. The reductions in strength are caused by bending induced by the shift in the 
effective centroid. The Series P36 tests are much less affected by the shift in the effective 
centroid, as shown in Fig. 4b. fu fact, the test strengths are generally conservatively predicted 
by Eurocode3 even when the bending effect is not accounted for and are only optimistically 
predicted according to the Aust.INZ and AlSI specifications at the two shortest colunm lengths. 
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8.5 Discussion 
As mentioned in the futroduction, cold-formed channels are frequently used as up-rights in wall 
panels, and in these applications they usually bear flat on tracks at both ends. A designer is 
then faced with the problem of assessing the effective column length and the eccentricity of the 
axial load, measured from the effective centroid. This is not a simple task because the 
eccentricity and the effective length depend on a number of factors that are usually not known 
to the designer, including the flexibility of the tracks, the stiffness of the fasteners and the 
possibility of parts of the cross-section lifting off the tracks as the column attempts to rotate at 
the ends during overall buckling. 
fu addressing this problem, it needs to be recognised that the eccentricity of the applied force 
and the effective length cannot be assessed independently as they both affect the design load. 
The Commentary of the 1996 edition of the AISI Specification includes a table, which is 
identical to that provided in the Commentary of the AISC-LRFD Specification (1993), for 
determining the effective column length for various end support conditions. For instance, the 
recommended effective length for columns fixed at both ends is 0.65 times the column length, 
a slightly greater value than the theoretical value of 0.5 to account for the fact that fully fixed 
supports are usually not realised in practice. However, the Commentary of the AISI 
Specification does not provide guidance on the eccentricity of the applied force. 
It follows from previous studies (Rasmussen and Hancock 1993, Young and Rasmussen 1995a, 
1995b and 1998c), that the load should be assumed to act at the effective centroid when the 
ends can be assumed to be fully fixed. fu the other limiting case of a pinned support, which 
may be realised in a bolted connection, the force acts, of course, through the pin and the 
effective length is the column length. fu intermediate cases, where the ends are neither fixed 
nor pinned, such as in wall studs bearing flat on tracks, the ends are rotationally restrained. A 
study by Rasmussen and Hancock (1993) on plain channels showed that a column can be 
assumed to be fully fixed provided the elastic rotational restraint exceeds three times the 
stiffness (EIIL) of the column, where Ely is the minor axis flexural rigidity and L is the column 
length. Consequently, if the rotational restraint can be shown to exceed 3EIIL, then the load 
can be assumed to act at the effective centroid and the effective length can be taken as 0.5L. It 
was shown that this procedure would over-estimate the ultimate load by less than 3%. It would 
be conservative if the effective length was taken as 0.65L in accordance with the Commentary 
of the AISI Specification. The value of rotational stiffness of 3EIIL emerges as a suitable 
measure for classifying end supports as either pinned or fixed. It corresponds to the case where 
the column is rigidly connected to a member which is pinned at the opposite end and of the 
same length and cross-section as the column. 
Miller and Pek6z (1993) conducted tests on complete wall panels and concluded that for these 
tests, the AISI Specification produced conservative predictions when the columns were 
assumed to be loaded through the effective centroid and the effective length was taken as 0.65 
times the column length. If the AISI recommendation of using an effective length of 0.65 times 
the column length is adhered to, this result implies that the wall panels could be assumed to be 
fixed at both ends. Miller and Pek6z also concluded that the design predictions were 
unconservative when the load was assumed to act at the effective centroid and the effective 
length was taken as 0.5 times the column length. This result implies that some rotational 
flexibility was present at the supports. 
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9 DESIGN RECOMMENDATIONS 
The following recommendations are made for the design of fixed-ended channel cold-formed 
columns failing by local and overall buckling: 
It has been shown by experimental testing that the shift of the line of action of the internal force 
caused by local buckling does not induce overall bending in fixed-ended channel columns as it 
does in pin-ended channel columns (Young and Rasmussen 1995a, 1995b and 1998c). For 
fixed-ended channel columns, the applied load always passes through the effective centroid of 
the cross-section. Hence, the effect of the shift of the line of action of the internal force due to 
local buckling should be ignored in determining the member strength of fixed-ended channel 
columns. Accordingly, it is recommended that a fixed-ended channel column failing by local . 
and overall instability shall be designed by assuming loading through the effective centroid. 
It is also recommend that the effective length (Ie) be taken as half of the column length (L) for 
fixed-ended columns (Ie = Ll2). This applies to both the calculation of the minor axis flexural 
buckling load and the flexural-torsional buckling load. In addition, it is recommended that end 
supports with rotational restraints exceeding 3EljL be considered fixed. For such supports, the 
load can be assumed to act at the effective centroid. 
These recommendations lead to conservative design strengths, as shown in Figs 4a, 5a, 6a and 
7a, excepting the shortest P36 specimen and the L36 specimen at ley = 500mm whose design 
strengths are slightly optimistic according to the Aust.INZ and AISI specifications. 
10 CONCLUSIONS 
A comparison between the test strengths and the design strengths obtained using the 
AustralianlNew Zealand (1996), American (1996) and European (1996) specifications for cold-
formed steel structures has been presented. The tests were performed on channel columns 
brake-pressed from high strength cold-formed steel sheets with a nominal yield stress of 
450MPa. Two series of plain channels and two series of lipped channels with different plate 
slenderness of the flanges, referred to as Series P36, P48, L36 and L48, were tested between 
fixed ends and pinned ends. The conclusions are summarised as follows: 
Fixed-ended columns 
• The design strength predictions by the three specifications were conservative for all test 
series, except that the Aust.INZ and AISI specifications slightly overestimated the design 
strength at very short effective lengths for Series P36 and at an effective length of 500mm 
for Series L36. The design strengths were calculated assuming concentric loading through 
the effective centroid and an effective length of half of the column length. 
• The overall failure modes predicted by the three specifications for Series P36 and P48 
differed from the failure modes observed in the tests, except for the European Specification 
which accurately predicted the failure modes at intermediate and long effective lengths for 
Series P36. However, the overall failure modes predicted by the three specifications for 
Series L36 and L48 were in agreement with the failure modes observed in the tests at 
intermediate and long effective lengths but not at short effective lengths. 
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• On the basis of the comparison between test strengths and design strengths, it was 
recommended that fixed-ended channel columns failing by local and overall buckling shall 
be designed by assuming loading through the effective centroid and using an effective 
length of half of the column length. This result supports the conclusion drawn previously 
by Young and Rasmussen (1995a, 1995b and 1998c) that the shift of the effective centroid 
does not induce overall bending in a fixed-ended channel column. 
• It was recommended that end supports with rotational restraints exceeding 3EljL be 
considered fixed. For such supports, the load can be assumed to act at the effective 
centroid. End supports with rotational restraints less than 3EljL should be considered 
pinned. In this case, the point of application of the force must be estimated by the designer. 
Pin-ended columns 
• The bearn-column design strengths were conservatively predicted by the three 
specifications. for all test series. 
• The overall failure modes predicted by the three specifications for all test series were in 
agreement with the failure modes observed in the tests. 
• For plain channels, the conservatism resulted partly from over-estimated values of the shift 
of the effective centroid of the applied force, calculated as the distance between the 
geometric and effective centroids, and partly from under-estimated values of the bending 
capacity. 
• The rules of the Aust.INZ and AlSI specifications for edge-stiffened flanges lead to a 
discontinuity in the ultimate load of lipped sections in changing from Case IT to ill. The 
method suggested by Dinovitzer et al. (1992) for eliminating the discontinuity was 
implemented and shown to produce smooth design strength curves. 
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NOTATION 
A Full cross-section area 
Bj , B/, Bw Overall width of flange, lip and web plate 
es Distance from the point of application of the axial load to the centroid of the 
effective cross-section (Shift of the effective centroid) 
E Young's modulus 
Ely Minor axis flexural rigidity 
f Stress in the compression element 
k Plate buckling coefficient 
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R. Local buckle half-wavelength 
Ie Effective length 
ley Effective length for flexural buckling about the minor axis 
L Actual length of test specimen 
LF Column length for fixed-ended specimen 
Lp Column length for pin-ended specimen, which includes the dimension of the 
pin-ended bearings 
n Dinovitzer's n-parameter 
N Applied compressive axial force 
Nc Column design strength 
NiExp Experimental local buckling load 
N (fh Theoretical local buckling load 
Nu Ultimate load 
ri Inside corner radius of specimen 
ry Radius of gyration about the minor y-axis 
t Plate thickness 
t* Base metal plate thickness 
w Local plate buckling deformation and Flat width of flange 
x In-plane transverse coordinate 
y Out-of-plane transverse coordinate 
Eu Elongation (tensile strain) after fracture based on a gauge length of 50mm 
0'0.2 Static 0.2% tensile proof stress 
0'0.5 Static 0.5% tensile proof stress 
O'u Ultimate tensile strength 
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.1 I· 
Plain channel Lipped channel 
@::::> Letter 
# ::::> Digit 
± ::::> Sign 
Type of Channel 
PI Plain 
L 1 Lipped 
Fig. 1. Definition of symbols 
Specimen Label 
@ #### ± 
angeWidth 1 NominalF1 
(inmm 
360 
) Specimen Length 
r48 (inmm) 
Bound!!!'y Conditions Measured Loading Eccentrici!y 
F 1 Fixed-ended + 1 Positive eccentricity 
P 1 Pin-ended - 1 Negative eccentricity 
(Appears only in pin-ended tests) 
Fig. 2. General specimen labelling system 
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• Fixeg-ended tests 
- - - AustJNZ & AISI (N c) 
-- Eurocode 3 (N c ) 
Failure Modes 
Local buckling (L) 
Minor axis flexural buckling (F) 
Flexural-torsional buckling (Ff) 
Local buckling 
........... 
o~----~----~------~----~----~----~ o 500 1000 1500 2000 




I f I ": Failure Modes 0 Pin-ended tests 
y----b!....J36 'Locaibuckling(L) _.- Aust.INZ&AISI(k=OA3) 
96 Minor axis flexural buc ing (F) - - - Aust.INZ (Appendix F) 
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• Fixed-ended tests 
- - - Aust.INZ & AISI (N c) 
N-j I N -- Eurocode 3 (N c) 
Flexural-torsional buckling Failure Modes 
~• Local buckling (L) L F ... Minor axis flexural buckling (F) .. ' L,F ___ ....... Flexural-torsional buckling (Ff) --........~ L,F 
• ::::". ~ L F Flexural buckling 
, LF ' • 
• ' L,F "Ff ••••• 
Local buckling 
Flexural-torsional buckling 
(Aust.lNZ, AISI & Eurocode 3) 
...... 
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o 500 1000 1500 2000 2500 3000 
Effective length about minor axis, ley (mm) 
(a) Fixed-ended 
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y----b:LJ.. Local buckling (L) 
96 Minor axis flexural buckling (F) 
Flexural-torsion~ buckling (Ff) 
N-~~I ;;;::;;;::~~ N 
Flexural buckling 
o Pin-ended tests 
- • - Aust.INZ & AISI (k= 0.43) 
- - - Aust.INZ (Appendix F) 
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- Eurocode3 
-- Eurocode 3 (Nc ) 
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• Fixed-ended tests 
- - - Aust.INZ & AISI (Nc ) 
---------- Dinovitzer's n-parameter (Nc ) 
--Eurocode 3 (Nc ) 
Failure Modes 
-Local buckling (L) 
Distortional buckling (D) 
Minor axis flexural buckling (F) 
Flexural-torsional buckling (Ff) 
Local buckling 
Flexural-torsional buckling 
Flexural-torsional ~ ---::- .. 
buckling ~ Flexural buck1i~~ ................ .. 
(Au,IJNZ, AISI & Eurocode 3) 
500 1000 1500 2000 2500 
Effective length about minor axis, ley (mm) 
(a) Fixed-ended 
po f ~36 ~~:b:~=g(L) Y~ Distortional buckling (D) 
Minor axis flexural buckling (F) 
Flexural-torsional buckling (FI) 
N_~ ~ N '. 
Flexural buciding 
o Pin-ended tests 
Aust.INZ & AISI 
Dinovitzer s n-parameter 
Aust.INZ & AISI (N c ) 
Dinovitzer's n-parameter (Nc ) 
- Eurocode3 






20 Flexural buckling ............. ....... 
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Local buckling (L) 
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20 Flexural buckling 
..... 
..... 
(Aust.lNZ, AISI & Eurocode 3) 
o~----~------~----~------~----~------~ o 500 1000 1500 2000 2500 3000 
Effective length about minor axis, ley (nun) 
(b) Pin-ended 
Fig. 7. Comparison of test strengths with design strengths for Series L48 
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Specimen Flanges Web Thickness 
Bf Bw t 
(mm) (mm) (mm) 
P36F0280 36.8 96.8 1.51 
P36F1000 36.7 96.6 1.52 
P36F1500 36.8 97.4 1.50 
P36F2000 36.8 96.6 1.51 
P36F2500 36.8 97.0 1.51 
P36F3000 36.8 96.9 1.51 
P36P0280- 36.9 96.6 1.51 
P36P0315- 37.0 96.8 1.50 
P36P0815- 36.8 97.5 1.51 
P36P1315- 37.0 96.6 1.50 
Mean'"' 36.8 96.9 1.51 
S.D.""' 0.10 0.33 0.01 
Mean * 36.8 96.9 1.51 
Note: 1 Ill. = 25.4mm; 1 kip = 4.45 kN 
"" For both fixed-ended and pin-ended tests 
* For fixed-ended tests only 
















(a) Series P36 
Specimen Flanges Web Thickness 
Bf Bw t t* 
(mm) (mm) (mm) (mm) 
P48F0300 49.6 94.6 1.51 1.47 
P48F1000 49.7 94.7 1.51 1.47 
P48F1500 49.6 95.5 1.51 1.46 
P48F1850 49.6 95.1 1.54 1.49 
P48F2150 49.5 95.9 1.52 1.47 
P48F2500 49.7 95.4 1.52 1.47 
P48F3000 49.5 96.0 1.53 1.47 
P48F3500 49.5 95.8 1.52 1.47 
P48P0300+ 49.6 94.8 1.51 1.46 
P48P0565- 49.8 94.5 1.53 1.48 
P48P1065- 50.0 94.2 1.52 1.48 
P48P1565- 49.4 95.1 1.52 1.47 
Mean'"' 49.6 95.1 1.52 1.47 
S.D.""' 0.16 0.59 0.01 0.01 
. * Mean 49.6 95.4 1.52 1.47 
Note: 1 Ill. = 25.4mm; 1 kip = 4.45 kN 
"" For both fixed-ended and pin-ended tests 
* For fixed-ended tests only 
* Base metal thickness 
(b) Series P48 
Radius Length Area Ult. Load 
ri L A Nu 
(mm) ·(mm) (mm") (kN) 
0.85 279.9 246 65.0 
0.85 1000.2 248 59.0 
0.85 1500.9 245 50.1 
0.85 2000.6 247 41.7 
0.85 2499.4 248 32.8 
0.85 300.5 246 24.7 
0.85 280.0 247 55.2 
0.85 314.5 245 52.1 
0.85 814.9 249 40.9 




Radius Length Area Ult. Load 
ri L A Nu 
(mm) (mm) (mm") (kN) 
0.85 300.0 280 66.0 
0.85 999.7 281 62.7 
0.85 1500.9 280 55.5 
0.85 1850.0 284 47.2 
0.85 2148.9 282 43.6 
0.85 2499.8 282 38.5 
0.85 3001.3 283 37.4 
0.85 3501.2 282 29.5 
0.85 300.0 279 45.2 
0.85 564.9 283 38.6 
0.85 1064.7 282 33.9 




Table 1. Measured specimen dimensions and experimental ultimate loads 
Specimen Lips Flanges Web 
B/ B Bw 
(mm) (mm) (mm) 
L36F0280 12.5 37.0 97.3 
L36F1000 12.5· 36.9 97.3 
L36F1500 12.6 37.0 97.5 
L36F2000 12.3 36.9 97.3 
L36F2500 12.3 37.1 97.2 
L36F3OO0 12.7 37.0 97.4 
L36P0280- 12.6 37.1 97.2 
L36P0315- 12.7 37.1 97.2 
L36P0815+ 12.7 37.0 97.4 
L36P0815- 12.5 36.9 97.1 
L36P1315- 12.4 36.9 97.1 
Mean" 12.5 37.0 97.3 
S.D."" 0.16 0.08 0.12 
Mean' 12.5 37.0 97.3 
Note: 1 In. = 25.4mm; 1 kip = 4.45 leN 
* For both fixed-ended and pin-ended tests 
• For fixed-ended tests only 
* Base metal thickness 
Specimen Lips Flanges Web 
B/ Bf Bw 
(mm) (mm) (mm) 
L48F0300 11.8 49.0 97.5 
L48F1000 11.9 48.7 97.6 
L48F1500 12.6 48.9 96.5 
L48F2000 12.5 49.3 96.3 
L48F2500 11.9 48.9 97.5 
L48F3000 12.7 49.0 97.3 
L48P0300+ 11.8 49.2 97.4 
L48P0565+ 12.7 48.9 97.1 
L48P1065+ 12.4 48.9 97.1 
L48P1565+ 12.3 48.8 97.5 
Mean" 12.3 49.0 97.2 
S.D. "" 0.37 0.18 0.45 
Mean' 12.2 49.0 97.1 
Note: 1 In. = 25.4mm; 1 kip = 4.45 leN 
* For both fixed-ended and pin-ended tests 
• For fixed-ended tests only 




































(d) Series L48 
Radius Length Area Ult. Load 
r, L A Nu 
(mm) (mm) (mm") (leN) 
0.85 279.5 279 100.2 
0.85 999.2 281 89.6 
0.85 1499.9 281 82.4 
0.85 2001.2 278 70.1 
0.85 2500.2 281 58.1 
0.85 3000.4 281 39.3 
0.85 279.9 283 83.5 
0.85 314.7 282 83.1 
0.85 814.6 281 67.9 
0.85 815.0 278 70.7 




Radius Length Area Ult. Load 
r, L A Nu 
(mm) (mm) (mm") (leN) 
0.85 300.3 313 111.9 
0.85 1000.4 314 102.3 
0.85 1501.2 312 98.6 
0.85 2001.2 315 90.1 
0.85 2500.9 315 73.9 
0.85 2999.7 315 54.3 
0.85 300.1 315 100.1 
0.85 564.8 315 87.6 
0.85 1064.5 313 72.0 




Table 1. (Cont.) Measured specimen dimensions and experimental ultimate loads 
264 
Test series Electron Micrometer 
Microscope 
(mrn) (mrn) 
P36 1.468 1.471 
P48 1.475 1.475 
L36 1.481 1.481 
L48 1.470 1.475 
Mean 1.474 1.476 
Table 2. Base metal thickness measurements 
Test series Nominal Measured 
0"0.2 E 0"0.2 0"0.5 O"u e.. 
(MPa) (GPa) (MPa) (MPa) (MPa) (%) 
P36 450 210 550 560 570 10 
P48 450 210 510 525 540 11 
L36 450 210 515 525 540 11 
L48 450 200 550 560 570 10 
Note: 1 kSl = 6.89 MPa 
Table 3. Nominal and measured material properties 
Test series Experimental Theoretical Comparison 
NlEx Nrrh jI N ExdNrrh 
Mean S.D. Mean S.D. 
(kN) (kN) (mrn) 
P36 43.4 0.36 43.6 110 1.00 0.01 
P48 35.4 0.17 36.1 130 0.98 0.00 
L36 69.2 0.83 70.6 75 0.98 0.01 
L48 72.0 0.43 72.6 75 0.99 0.01 
Note: 1 kip = 4.45kN 
Table 4. Experimental and theoretical local buckling loads 
